ABSTRACT Temperate insect species are predicted to fare better in the face of climate change, because of their wider temperature tolerance, than are tropical species. Predictions are less certain, however, for temperate species with narrow temperature optima. Larvae of the sawßy Neodiprion edulicolus Ross are susceptible to cold weather and rarely occur above 1,900 m elevation near Sunset Crater, AZ, even though their host trees (Pinus edulis Englemann) are abundant up to 2,300 m. During 12 yr of monitoring, the population of sawßies below 1,850 m declined signiÞcantly in years when April minimum temperatures were either unusually low or unusually high. Sawßy larvae transferred to host trees above 1,900 m were unable to sustain populations despite abundant host trees and high survival of transferred larvae. Cold temperatures delayed and thereby disrupted the sawßy life cycle. Overall, limited temperature tolerance of N. edulicolus larvae was the most likely cause of the decline of this sawßy population between 1994 and 2006. If April minimum temperatures continue to rise on average and interannual variation remains the same, the frequency of suboptimal high temperatures will increase. Soon, N. edulicolus, along with other species with narrow temperature optima, may be forced to disperse, adapt exceptionally quickly, or face extinction.
Mean global temperatures have risen Ϸ0.7ЊC in the past century and are expected to continue rising (Pachauri and Reisinger 2007, NRC 2010) . The future effects of climate change on insects may largely depend on thermal tolerance, which tends to widen with latitude because of a decrease in lower lethal temperature (Addo-Bediako et al. 2000) . As global temperatures increase, there may be a geographical trend from reduced Þtness among tropical species (reaching the limits of their narrow temperature tolerance) to enhanced Þtness among temperate species (staying within their broad temperature tolerance and more closely matching their thermal optima; Deutsch et al. 2008 ). This geographical trend may be further enhanced if annual temperature variation in the temperate zone continues to decrease as it has since 1954 (Stine et al. 2009 ) thereby reducing exposure to extreme temperatures.
Some temperate insects, however, have narrow temperature tolerances during one or more phases of their life cycle (Speight et al. 2008 ) and may not Þt this general prediction. Species of diprionid sawßies are limited to various degrees by extreme temperatures. Neodiprion sertifer (Geoffroy) has a wide temperature tolerance, experiencing egg mortality below Ϫ35ЊC in northern Finland (Virtanen et al. 1996) and increasing levels of larval mortality from nucleopolyhedrosis viruses above 25ЊC in Wisconsin (Mohamed et al. 1985) . In contrast, N. fulviceps (Cresson) eggs hatch only at temperatures above 10ЊC in Arizona (Tisdale and Wagner 1990) . Neodiprion edulicolus Ross larvae hatch in early spring and are sensitive to cold temperatures and snow (McGregor and Sandin 1968) . Their cocoons can survive laboratory temperatures of 22Ð24ЊC before eclosion (Domis and Wagner 1989) . Having found no earlier studies of the tolerance of N. edulicolus larvae for high temperatures, I examined the impact of high and low temperatures on sawßy larvae by monitoring a Þeld population for 12 yr.
The larvae of N. edulicolus feed on needles of pinyon pine, Pinus edulis Engelmann (Knerer and Atwood 1973) . Near Sunset Crater, AZ, N. edulicolus rarely occurs above 1,900 m elevation, even though P. edulis is abundant up to 2,300 m (Sholes 2008) . If mean temperatures rise and extreme low temperature events become less common, as predicted by global climate models (Pachauri and Reisinger 2007) , then N. edulicolus may be able to disperse to exploit host trees at higher elevations. If within-year temperature variation remains high or increases, as it has in the southwestern United States since 1954 (Stine et al. 2009 ), then extreme low temperatures may continue to affect N. edulicolus. I explored the potential for a shift in the range of sawßies with a transfer experiment beyond the elevational range of N. edulicolus.
Materials and Methods
Species. Pinyon pine, Pinus edulis, is the sole host plant for the sawßy Neodiprion edulicolus (Knerer and Atwood 1973) , and is a dominant tree in woodlands between 1,370 m and 2,440 m elevation on the Colorado Plateau (West 1987 , Ronco 1990 ). Near Sunset Crater, AZ, P. edulis occurs between 1,700 and 2,300 m on volcanic cinder soils (Sholes 2008) . Pinyon pine overlaps with Juniperus L. species at lower elevations (West 1987) and Pinus ponderosa Douglas ex Lawson at upper elevations (Peet 1987) .
Eggs of the sawßy Neodiprion edulicolus hatch in early spring (late March and early April near Sunset Crater) and the larvae cluster on mature needles at or near the tips of the shoots on P. edulis. They feed gregariously on the needles during April and leave conspicuous orange-brown wisps of midveins on damaged shoots. During the larval period, N. edulicolus is vulnerable to cold temperatures (McGregor and Sandin 1968) and competition from other insect herbivores (Mopper et al. 1990 ). In the Þfth stadium (males) or sixth stadium (females), they drop to the soil and spin cocoons, enter prepupal diapause (Knerer and Atwood 1973) , then pupate and remain buried until autumn. Cocoons can suffer high levels of parasitism (McGregor and Sandin 1968 , Mopper et al. 1990 , Sholes 2008 . Diapause breaks in response to short-day photoperiod (Domis and Wagner 1989) , adults emerge from their cocoons and mate, and females oviposit into the current yearÕs needles (McGregor and Sandin 1968) .
Sawfly Abundance. To document patterns of abundance of Neodiprion edulicolus, 18 sites in total with pinyon pine were established in 1992 between 1,700 m and 2,300 m elevation northeast of Sunset Crater in the Coconino National Forest and Strawberry Crater Wilderness, AZ. All sites were on black volcanic cinders, and were level, or faced east or northeast. The dominant vegetation changed from pinyon-juniper woodland below 1,850 m elevation to a pinyon-ponderosa ecotone above 1,850 m (much of the ponderosa pine was old growth).
At each site, 10 Pinus edulis trees were tagged that met two criteria: 1) the basal diameter was Ն15 cm, and 2) Ն50% of the branches were living. Five of those trees then were chosen at random to assess sawßy abundance. Abundance was easy to estimate for each whole tree because shoots damaged by sawßies were conspicuous. Shoot damage served as an index of abundance of late-instar sawßy larvae (I was unable to visit the sites in April and could not count larvae directly). For total sawßy abundance from 1994 to 2005, all damaged shoots on each tree were counted in May or June after larval feeding had been completed. Any damaged shoots attributable to the transfer experiment (see Transfer Experiment) were noted and excluded from the census totals.
Population Dynamics and Weather. Using the four sites that consistently had the highest abundance of sawßies between 1992 and 2005 (two at 1,740 m and two at 1,830 m) the annual change in sawßy abundance (ln (N t؉1 ) -ln (N t )) was correlated with April t؉1 temperatures. Temperature during larval development was used because it had been linked to larval mortality in previous work (McGregor and Sandin 1968) .
The two weather stations closest to the study sites were Sunset Crater National Monument (35Њ 22Ј N, 111Њ 32Ј W; 2,129 m) and Wupatki National Monument (35Њ 31Ј N, 111Њ 32Ј W; 1,497 m). Weather records included daily maximum and minimum temperatures. For 1970 Ð1997, these data were published in the National Oceanic and Atmospheric Administration (NOAA) Climatological Data for Arizona (volumes 84 Ð101). For later years, the same data were copied directly from the weather stations at both national monuments. Data for 1991 from Sunset Crater were missing from the NOAA records. Temperatures were converted to degrees Celsius.
For 1994 Ð2005, temperature data were compiled for the Þrst fortnight of April when sawßy larvae were most vulnerable. Temperature data from the two weather stations were used to interpolate temperature values for the midpoint of elevation between the two sample elevations (1,785 m). The interpolated temperature values were correlated with the index of sawßy abundance as determined from annual censuses of shoot damage.
To examine the long-term trends of April temperatures, I used the interpolated maximum and minimum temperatures from 1970 to 2005.
Transfer Experiment. To test whether sawßy larvae could survive at higher elevations, clusters of newly hatched larvae from trees at 1,830 m were transferred to trees at 2,120 m, 1,905 m, and 1,830 m (18 clusters at each elevation, one per target tree) on 25 March 1993. At 1,905 m and 2,120 m, the target trees included those trees used in censuses of abundance (Þve per site at four sites; see Sawßy Abundance) plus four additional trees at each site for 18 trees in total at each elevation. At 1,830 m, the target trees were all at two newly-established sites Ϸ500 m from those trees used in the censuses.
Twigs bearing clusters of larvae were collected in groups of three from the same source tree (not a tree used in any other phase of this study), one for each of the three target elevations. Within each group of three twigs, the elevation was assigned at random, and the initial numbers of larvae did not differ between elevations (Table 1) . Transfer twigs were attached to healthy twigs with wire on the south side of the target trees (Mopper et al. 1990 ). Transfers went Þrst to 2,120 m, then to 1,905 m, and last to 1,830 m so that the larvae expected to do best (1,830 m) would experience the most transfer trauma. If the larvae at 1,830 m performed best, it would not be because of the transfer process. At 1,830 m, all naturally occurring sawßy larvae were found and removed from the target trees by clipping the twigs. No naturally occurring larvae were found in 1993 on target trees at 1,905 m and 2,120 m.
The numbers of larvae in each stadium on all target trees were counted every 3Ð5 d during April 1993 until none remained. These data were used to calculate survival to the fourth stadium (the stadium before males would leave the trees to pupate) and the number of days it took for 50% of the surviving larvae to develop to the fourth stadium. In May 1994 and June 1995, every target tree in the sites at 2,120 m and 1,905 m was examined for shoots damaged by subsequent generations. The target trees at 1,830 m were not examined because it was impossible to distinguish offspring of the transferred larvae from natural colonization of those trees.
Results
Population Dynamics and Weather. From 1994 to 2005, N. edulicolus showed a narrow optimal range for the minimum temperature experienced during development (Fig. 1) . Sawßy abundance increased when the early April minimum temperature was a few degrees below freezing. Sawßy abundance always declined if the April minimum temperature was colder than Ϫ6ЊC or warmer than Ϫ1ЊC.
Between 1970 and 2005, the median daily maximum and minimum temperatures in early April gradually converged as maximum temperatures decreased and low temperatures increased (Fig. 2) . The extreme early April temperatures, however, changed differently; the maximum temperature showed no change, while the minimum temperature steadily increased (Fig. 3) .
Transfer Experiment. The transferred sawßy larvae did well at all elevations. Most of the larva survived, and there was no signiÞcant difference in survival among elevations. Development time of transferred sawßy larvae increased by about one day for each 38-m increase in elevation (Table 1) .
Over the next 2 yr, however, the transferred sawßies failed to become established (Table 2 ). One year after the larval transfers (1994), only six of the 36 target trees at 1,905 m and 2,120 m had sawßy-damaged shoots. At 2,120 m, one of those trees had four secondinstar larvae and nine third-instar larvae present on 1 June, developmentally 42 d behind larvae that had been at that same elevation in 1993. At no other location near Sunset Crater and in no other year were N. edulicolus larvae found active after 10 May. Two years after the transfer (1995), only two trees at 1,905 m or 2,120 m had sawßy-damaged shoots, the same number as in 1992, the year before the experiment (Table 2) .
Concurrent with the transfer experiment (1992Ð 1995) , the number of trees occupied by sawßy larvae at 1,740 m and 1,830 m in the census counts increased from 11 to 15. a No larvae survived to the fourth stadium on four trees (two at 2,120 m; one at 1,905 m; one at 1,830 m) so these trees were removed from the analysis. 
Discussion
The narrow temperature optimum of N. edulicolus larvae is striking. Extreme temperatures in three of the 12 yr of this study (Fig. 1) almost certainly contributed to the decline of this population to undetectably low levels by 2006 (Sholes 2008) .
Though their susceptibility to cold temperatures was documented decades ago (McGregor and Sandin 1968) , their vulnerability to high temperatures previously was unreported. I was unable to observe the larvae directly during most of this study and thus have no data on the causes of mortality. Nonetheless, likely candidates include pathogens, increased effects from competitors, or increased activity of predators and parasites (Mohamed et al. 1985 , Mopper et al. 1990 ). Physiological heat stress seems unlikely to occur in April, but exposure to direct sunlight could exacerbate the effects of ambient temperature. Furthermore, N. edulicolus was unable to persist at higher elevations. Even though transferred larvae survived well at all elevations, at least one other stage of the life cycle was disrupted by cold at higher elevations; it is difÞcult to imagine another cause for the 1.5-mo developmental delay in 1994 other than cold temperatures. In addition, sawßies that reached higher elevations on their own, both before and after the transfer experiment, also were unable to persist at those elevations (Sholes 2008) . Further study of sawßy dispersal, colonization, and persistence could provide a useful test of models proposed for the predictions of insect dispersal in response to climate change (Walters et al. 2006) .
Trends in April temperatures make it unlikely that N. edulicolus will meet the favorable predictions of Deutsch et al. (2008) . First, interannual temperature variation is still appreciable (Figs. 2 and 3) . Extreme temperatures do still occur, and their mere occurrence could periodically reduce the survival of N. edulicolus near Sunset Crater. Second, if the trend toward warmer April minimum temperatures continues (Fig. 3) , within a decade or two, these temperatures will regularly impinge upon the upper end of the tolerance limits of N. edulicolus larvae (i.e., minimum temperatures greater than Ϫ1ЊC) (Fig. 1) .
Other species with narrow temperature optima face similar thermal constraints. On the face of it, these species should beneÞt from a reduction in temperature variation. Temperature variation, however, will not decrease at all locations. Though the amplitude of within-year temperature variation has declined in most locations since 1954, it has increased elsewhere. Even where amplitude has decreased, the decrease has not been uniform for all months of the year (Stine et al. 2009 ). The wide geographic range of many species and the difÞculties of producing accurate climate models for particular regions (Schiermeier 2010 ) complicate the process of predicting the impact of climate variation on any one population.
The signiÞcance of temperature variation for a population will depend on the amount and timing of variation relative to the timing of the vulnerable stage(s) of the life cycle (van de Pol et al. 2010a) . Temperature variation needs to be deÞned and measured appropriately for the species and populations under investigation. At critical times for some species, even a small amount of variation could make the difference between positive and negative population growth.
Extreme temperatures are a key aspect of temperature variation because of the severity of their effects (Ehrlich et al. 1972 , Solbreck 1991 , Piessens et al. 2009 ). The unpredictability of extreme conditions often makes them difÞcult to observe (Thibault and Brown 2008) , but it also makes them particularly important because organisms may be caught unprepared (van de Pol et al. 2010b ).
The risks imposed by climate change typically are deÞned in terms of increases in mean temperatures. While there is no question that such increases will be signiÞcant for many species, they are not the whole story. Predictions regarding the persistence of insect species in the face of climate change need to incorporate trends in temperature variation along with trends in mean temperatures. Many insect populations are already experiencing the effects of changes in climate variation. By focusing greater research efforts on these "vanguard" species, we can gain theoretical and practical insight into the importance of climate variation for the EarthÕs insects.
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